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Optical metamaterials are materials which, due to their
mesostructure, have optical characteristics not found in
nature. While demonstrated at microwave and yellow
frequencies, optical metamaterials in higher frequencies
require the assembly of three-dimensional architectures
with structure control on the 10-nm length scale. Here
we demonstrate such a truly three-dimensional optical
metamaterial, generated by filling with metal a scaffold
made by self-assembly of a block copolymer. The fi-
nal gold structure has features which are two orders of
magnitude smaller than the wavelength of visible light.
As a result, it behaves as the archetypal Pendry wire
metamaterial with linear and circular dichroism.
The prediction and subsequent creation of artificially
engineered metamaterials has opened the pathway to rev-
olutionary effects in light-matter interactions1–6. In such
materials the properties of the dielectric and magnetic per-
mittivities  and µ are not governed by the response of the
individual atoms in the presence of an electromagnetic
field, but are determined by the sub-wavelength struc-
ture of the material. In 1996 Pendry et al. predicted that
a sparse cubic metal wire array with micron-wide wires
would have a significantly reduced plasma frequency due
to the reduced average electron density and the large self-
inductance of the structure2.
A plethora of experimental work in this field has demon-
strated metamaterials from GHz7 up to yellow optical fre-
quencies8. Reaching higher optical frequencies has proven
problematic as it requires the manipulation of materials
on the scale of just a few tens of nanometres over macro-
scopic areas. While fabrication techniques such as focused
ion beam lithography, direct laser writing and atomic layer
deposition9–13 provide design flexibility, they are limited
with regard to accessible feature sizes as well as the scal-
ability of samples.
Until now, colloidal self-organisation was the only type
of self-assembly used to create metamaterials14. These
materials have feature sizes limited to above several hun-
dreds of nanometres and to sphere-packing geometries.
Block copolymers (BCPs) are unique in offering a route
to creating macroscopically large samples with a variety
of complex 3D architectures with features on the nanome-
tre length scale. Unlike earlier work based on BCPs,15 we
incorporate a continuous metal phase into a BCP scaf-
fold16, thereby producing the first truly optical, three-
dimensional metamaterial. As predicted by Pendry et al.2,
this material has a reduced plasmon frequency. In addi-
tion, it exhibits strongly anisotropic plasmon modes with
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Figure 1 |Gyroid morphology. a, A computer-simulated
view of the single gyroid. The arrow indicates the handedness
along the [111] axis. b, SEM image of a metal gyroid by filling
a porous polymer network.
linear dichroism and optical chirality across the visible re-
gion.
BCPs are polymers which consist of two or more distinct
polymer chains (blocks) joined by a covalent bond. The
interplay between the energetic penalty for stretching the
blocks is balanced by the chemical repulsion between the
blocks, creating a range of morphologies such as spheres,
cylinders and gyroids17. Increasing the number of blocks
leads to an increase in the number of accessible morpholo-
gies18.
There has been previous work using BCP scaffolds with
dielectrics for optical applications19. In this work, how-
ever, we opt to replace one of the continuos nanoscale
polymer networks with a metal in order to create a novel
material with interesting optical properties very different
from those of a structured dielectric. Such replication is
possible because the blocks in BCPs are chemically dis-
tinct, hence we can selectively etch them and then backfill
with inorganic materials to replicate self-assembled struc-
tures into materials that are not amenable to direct self-
assembly in such complex morphologies.
Here we demonstrate the creation of a three-dimensional
gold metamaterial based on BCP self-assembly. We start
with an isoprene-block -styrene-block -ethylene oxide (ISO)
BCP which forms two chemically distinct, interpenetrat-
ing gyroid networks (I,O) of opposite chirality in a ma-
trix of the third block20. The I gyroid network is then
removed by selective UV/chemical etching and backfilled
with gold by electrodeposition. The final device consists
of a continuous, triply periodic network of gold (Fig. 1).
The dimension of the full unit cell is ∼ 50 nm, far below
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Figure 2 |Schematic representation of sample fabrica-
tion. a, The three different colours (red, blue and grey)
correspond to the different blocks of the copolymer. The
isoprene block (blue) is removed in b and is then back-filled
with gold (yellow) in c. The final structure is obtained by
plasma etching the two remaining polymer blocks, revealing
a 3D continuous gold network in air in d.
optical wavelengths. This particular morphology has been
chosen since it is predicted to offer a strong resonant re-
sponse which depends on the relative orientation between
the structure and the polarisation of the incident light.
Figure 1a shows the [110] projection of the gyroid.
Samples were prepared using isoprene-block -styrene-
block -ethylene oxide (ISO) BCP films which are known
to self-assemble into the gyroid morphology with a chi-
ral isoprene phase, schematically shown in Fig. 2. We
utilised a poly(isoprene-b-styrene-b-ethylene oxide) (ISO)
prepared by sequential anionic polymerization using stan-
dard methods18,21. The molecular weight of the poly-
isoprene block was determined by GPC; the molecular
weights of the polystyrene and poly(ethylene oxide) blocks
by NMR, and the final polydispersity was determined by
GPC. ISO used in this study was composed of 14.63, 29.04,
and 9.77 kg/mol of I, S, and O, respectively, with a molec-
ular weight of 53.44 kg/mol and a polydispersity of 1.05.
A detailed characterisation of this polymer shows self-
assembly into the alternating gyroid phase20. Polymer
film scaffolds were prepared by blade-coating a 5% w/v
ISO anisole solution onto glass substrates with a conduct-
ing coating for electrodeposition. The resulting films were
exposed to UV light (254 nm) for 3 hours and rinsed with
ethanol to remove the isoprene. The resulting pore net-
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Figure 3 |Transmission and reflection spectra for unpo-
larised incident light. a, Exprimental data compared with
b, the finite difference time domain calculations of a full 3D
representation of the gyroid.
work was backfilled with gold by electrodeposition, to a
thickness of 200 nm. Thicker samples have also been pre-
pared and will be the subject of a future study. In the
electrochemical setup, a saturated calomel electrode was
used as the reference. The deposition consisted of a nucle-
ation and a deposition step. The nucleation step consisted
of 1-3 cyclic voltammetry scans between 0 V and −1.2 V
at a scan rate of 50 mV/s. The deposition step at a fixed
potential of −0.8 V for 100 s resulted in a final thickness
of about 200 nm. The remaining polymer was removed by
plasma etching.
The samples were spectroscopically characterised using
a white-light-illuminated optical microscope with fibre de-
tection in a confocal configuration. (see Methods). In Fig.
3 the experimental results for both reflection and trans-
mission configurations with unpolarised incident light are
compared with the results of calculation of the ideal struc-
tures using a finite difference time domain code22 employ-
ing the material parameters for gold23. In the comparison,
we have to take into account that an ≈ 5 nm thick solid Au
layer at the bottom of the gyroid layer that is not included
in the calculation. The presence of this layer partially re-
duces the transmission of the fabricated ∼ 200 nm thick
sample. A simple Maxwell-Garnett averaging of the re-
fractive index of the Au/air composite with the same Au
fill fraction of f = 21% predicts near-perfect transmission
in the red and infrared, completely opposite to the obser-
vation of Fig. 3. In fact, the presence of an ordered and
continuos nm-scale gyroid network results in a reduction
of the plasma frequency of gold. This is also confirmed by
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Figure 4 | Linear dichroism of the Au gyroid. a, SEM
image of the area where the optical measurements were per-
formed. b,c, Optical reflection images obtained with linearly
polarised illumination, indicated by white arrows. No opti-
cal contrast is observed for a polarisation perpendicular to
the grain boundary (b), while a polarisation parallel to the
gyroid [100] direction of one of the domains produces the
largest optical contrast (c). d, Reflection spectra for Area 1
with incident polarisation directions perpendicular (red) and
parallel (grey) to the [100] gyroid direction. e Variation in
extinction (1−reflectivity) peak position and width as a func-
tion of the angle between [100] gyroid direction and incident
light polarisation.
finite difference time domain calculations. The qualitative
agreement between the spectra in Fig. 3 show a decrease
in reflection at about 600 nm that can be explained in
terms of the Drude model in a reduction of plasma fre-
quency from the bulk value of 7.5 eV to 1.55 eV. Thus, the
composite gyroid material behaves like a new metal with
its own distinct optical characteristics: a plasma edge at
750 nm and a transparency which is greatly increased com-
pared to any naturally-occurring bulk metal.
Two contributions are responsible for the modified
plasma wavelength, λp = λ
Au
p
√
meff/f (where meff is the
effective mass of the electrons in the actual material), from
that of Au (λAup = 165 nm). The network of Au struts
surrounded by air reduces the net electron density and
accounts for about half of the reduction in the plasma fre-
quency. The other contribution comes from the increased
self-inductance of the structure produced when multiply-
connected wires are formed, which span all three spatial
axes.
The SEM image in Fig. 4a reveals the morphology of
the sample on the length scale of tens of microns. While
the single gyroid has the same orientation perpendicular
to the substrate surface across the entire sample, twin-
ning in lateral directions is found, with domain sizes of 10-
100µm. The angle between the [100] direction at the twin-
ning boundary is approximately 105◦. Since the structure
is anisotropic, its optical response strongly depends on the
gyroid orientation. The investigated samples were there-
fore marked using a micromanipulator, in order to pre-
cisely relate the spectroscopic measurements to the twin-
ning morphology obtained by SEM.
Imaging and spectroscopy in reflection under linearly
polarised illumination show a clear birefringence across
each twinned gyroid domain, observed as strong colour
changes in Fig. 4b,c and supplementary movie S1. When
the grain boundary is perpendicular to the polarization
direction, light is coupled equally into the two twinned
domains, which results in identical reflected colour (Fig.
4b). Since the twinning angle between the two regions is
105◦, when the polarisation of the incident light is paral-
lel to the [100] direction of one of the areas it is nearly
perpendicular to the [100] direction of its twin, resulting
in different colours in reflection (Fig. 4c, movie S1). Two
different reflection spectra are observed in the orthogonal
directions (Fig. 4d), with an admixture between them as
the polarisation direction is varied. These reflection spec-
tra show increasing absorption at shorter wavelengths with
a peak which tunes sinusoidally with the polarisation di-
rection between 525 and 630 nm, shown in Fig. 4e for one
of the domains. As well as this shift in the absorption peak
position, the spectral linewidth of the absorption band is
a function of the polarisation direction, tracking the ob-
served spectral shifts. Performing the same analysis for
the twin domain reveals a spectral modulation with the
same period and amplitude but with a phase shift that is
in perfect agreement with the twinning angle between the
domains.
Light polarised in different directions couples differently
to localised plasmon resonances of the interconnected gold
network. A simple way to understand this behaviour is to
approximate the gyroid as a network of disconnected Au
rods. In the gyroid sample, a short-wavelength resonance
is seen for a polarisation along the [100] direction of the
domain, which is red-shifted by 20% in the perpendicular
direction. These observations are intuitively in agreement
with the rod-like morphology of the structure at normal in-
cidence, with the short-wavelength transverse mode of the
rods matching that of 10 nm Au nanoparticles (520 nm),
and the long-wavelength longitudinal mode produced by
the optical field along the rod-like structure.
To probe the gyrotropic behaviour of this metamaterial,
transmission measurements on the same twinned domains
as above were taken with left- and right-hand circularly
polarised light. The sample was tilted by 35◦ and rotated
around the [110] surface normal. For each full turn there
are two rotation angles for which the optical axis coincides
with the chiral [111] direction of the gyroid, that is, the mi-
croscope “looks down” the unobstructed gyroid channels
(inset in Fig. 5, supplementary movie S2). Figure 5 plots
the normalised difference in gyrotropic transmission ∆T
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Figure 5 |Gyrotropic transmission through a sample a
inclined at 35◦ The gyrotropic transmission is the difference
between the transmission spectra in left and right channels
as the sample was rotated around the [110] axis. The open
symbols are the results of a finite difference time domain
calculation. Lines are guides to the eye.
between right- and left-hand polarised light as a function
of sample rotation angle, averaged over frequency region
between 600 and 750 nm (where there is little spectral
variation). The transmission of circularly polarised light
is maximal for the two rotation angles (0◦ and 180◦) where
the optical axis is co-linear with the [111] and [1 1 –1] di-
rections. By varying the rotation angle, the optical path
is increasingly obstructed by Au struts, reducing |∆T |.
The rotation of the sample therefore leads to the clear
observation of chirality in this gyroid metamaterial. The
gyrotropic transmission is again very well reproduced by
a finite difference time domain calculation.
We have thus successfully created the first self-
assembled chiral optical metamaterial with 3D structure.
This material is continuous, has features on the 10-nm
length scale and exhibits orientation-dependent colour un-
der linearly polarised incident light, as well as optical chi-
rality. These findings pave the way for the potential mass
production of optical metamaterials, which can lead to a
variety of large-scale applications.
METHODS SUMMARY
The samples were prepared by using a triblock poly(isoprene-
block -styrene-block -ethylene oxide) (ISO) copolymer to create
several-micron-thick ordered films, which were slowly dried at
room temperature. A detailed characterisation of the ISO
block-copolymer used in this study confirms the formation
of the chiral alternating gyroid morphology in the isoprene
phase20. The isoprene block was then removed by UV etch-
ing, and the resulting network of pores was back-filled with
gold by electrodeposition from the conducting substrate, up
to a thickness that could be varied between 200 and 1000 nm.
The remaining polymer was subsequently removed by plasma
etching.
For optical characterisation, a 50-µm core optical fibre served
as a pinhole in the conjugate to the focal plane of a ×10 long
working distance microscope objective, allowing collection of
a signal with a spatial resolution below the sample domain
dimensions. A broadband halogen lamp acted as the illumina-
tion source. Linear polarisation measurements were obtained
using achromatic polarisers (Thorlabs, Inc.), and for circular
polarisation measurements the polarisers were combined with
super-achromatic quarter wave quartz plates (B.Halle Nachfl.
GmbH). The sample was mounted on a multi-rotational stage
that allowed rotation around the focal axis of the objective and
tilting away from normal incidence. This configuration enabled
transmission and reflection measurements to be taken in differ-
ent directions of the sample, including chiral gyroid directions.
Self-consistent field theory was utilised to simulate a realistic
triblock copolymer alternating gyroid morphology. The mor-
phology of ISO was calculated, with relative block volume frac-
tions of 0.28, 0.57, and 0.15 of I, S and O, respectively, using
the simulation parameters of Tyler et al.24 and the I domain
was extracted for the finite-difference time-domain simulations.
Transmittance, reflectance and absorption of a 495 nm thick
alternating gyroid film was simulated using a finite-difference
time-domain simulator22. The material parameters for gold
from Vial et al. were used23.
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Supplementary Information
Methods
Optical Characterisation
A 50-µm core optical fibre served as a pinhole in the conjugate to the focal plane of a ×10 long working distance microscope
objective, giving a signal with a spatial resolution below the sample domain dimensions. A broadband halogen lamp acted
as the illumination source. Linear polarisation measurements were obtained using achromatic polarisers (Thorlabs, Inc.).
For circular polarisation measurements the polarisers were combined with super-achromatic quarter-wave plates (B.Halle
Nachfl. GmbH). The sample was mounted on a stage that allowed rotation around the focal axis of the objective and tilting
away from normal incidence. This enabled transmission and reflection measurements to be taken in different directions of
the sample.
Gyroid Visualization
The level-set approximation to the gyroid surface is given by25
sin 2piy cos 2piz + sin 2piz cos 2pix+ sin 2pix cos 2piy = t,
where the parameter t depends on the volume fractions of the blocks.
Finite Difference Time Domain Calculation
Self-consistent field theory was utilised to simulate a realistic triblock copolymer alternating gyroid morphology. The
morphology of ISO was calculated, with relative block volume fractions of 0.28, 0.57, and 0.15 of I, S and O, respectively,
using the simulation parameters of Tyler et al.24 and the I domain was extracted for the simulations.
Transmittance, reflectance and absorption of a 495 nm thick alternating gyroid film was simulated using a finite-difference
time-domain simulator22. The material parameters for gold from Vial et al. were used23. Bloch boundary conditions were
applied along all three axes and perfectly matched layers were introduced along the film normal (see supplementary figure).
The alternating gyroid metamaterial was excited by a continuous plane wave with linear or circular polarisation. Reflectance
and transmittance were obtained by averaging the transmitted power, i.e. the Poynting vector, through the receiver planes.
Systems without the metamaterial were also simulated for normalisation. The gyrotropic transmission was obtained by
averaging the 640 to 710 nm wavelength range at an oblique angle incidence of 35◦.
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  Supplementary Figure 1 | Schematic representation of the morphology used in the finite-difference time-domain simulation.
Periodic boundary conditions were used and 800-nm-thick perfectly matched layers that absorb light were introduced in the
top and bottom parts of the simulation system. Seven [110]-oriented unit cells of the alternating gyroid were stacked along
z direction to form a 495-nm-thick film.
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